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Introduction
Major depression is the most common psychiatric disorder with the lifetime prevalence of 16% in the community (Kessler et al., 2003) and also moderately heritable. Studies have estimated the heritability of depression between 16-37%, depending on the type of depression and the study design (Gatz et al., 1992; Sullivan et al., 2000) . These heritability estimates are now being supplemented with association studies that set out to identify genes with a possible role in susceptibility to depression (Kohli et al., 2011; Wray et al., 2012; Ripke et al., 2013; Hek et al., 2013; CONVERGE Consortium, 2015; Hyde et al., 2016) . As for underlying biological mechanisms of depression, recent research suggests that they may differ across the life course. In later life, plausible mechanisms include those that are characteristic to the ageing process, such as endocrine changes (for example decreasing testosterone levels) (Blazer & Hybels, 2005) , vascular risk factors (hypertension, diabetes and atherosclerosis) and neurodegenerative diseases (Alzheimer disease and dementia) (Weisenbach & Kumar, 2014) .
On the other hand, depressive symptoms and trait depression have received less attention as phenotypic measures in GWAS studies (Terracciano et al., 2010) , although literature suggests that diagnosable depression exists on a continuum with subthreshold depressive symptoms (Lewinsohn et al., 2000) . Moreover, the presence of depressive symptoms is important on its own, as they are affecting the individual's well-being and associated with cognitive (Wilson et al., 2002) and physical decline (Penninx et al., 1998) among others.
Here we report the results of a genome-wide association scan (GWAS) study on depressive symptoms using a discovery-replication design with two independent community representative samples of older adults. The aim was to attempt replication with nearly identical genotyping platforms and carefully constructed identical phenotypic measures in two large independent samples. As a phenotypic measure, we used a self-report scale designed to measure the frequency of depressive symptomatology in the general population, the Center for Epidemiologic Studies Depression Scale (CESD; Radloff, 1977) .The CESD scale assesses the level of psychological distress by marking the presence or absence of symptoms of depression. Although the CESD was not designed to measure the prevalence of depression, it performs well against other depression diagnostic inventories. Using 3 as cut-off point for caseness on the short version of CESD, its specificity and sensitivity were over 70% against the World Health Organisation's Composite International Diagnostic Interview's measure, which is commonly used as a substitute for a clinician's diagnosis (HRS Health Working Group, 2000) . However, the CES-D questions do not match to the Diagnostic and Statistical Manual (DSM) criteria for depressive disorder in many ways. For example, they do not address duration and intensity, which are important components for a diagnosis of disorder. They also ignore the possibility of other psychological disorders that have similar symptoms similar to depression, such as anxiety disorders (HRS Health Working Group, 2000) . We used the shorter, eight items version of the CESD scale as a continuum from low to high psychological distress, rather than dichotimising the scores into depressed and not depressed.
We used longitudinal data to construct phenotypic measures that did not represent a single time point, rather was constructed to represent a more stable pattern of symptomatology over the observed period. This approach allowed us to reduce variability due to both temporary effects and random error, and critically, to obtain a more robust phenotypic measure that reflects a trait rather than a state for elevated or reduced symptomatology. This approach minimizes problems with prior GWAS studies that use single assessments in which the phenotype reflects transitory depression, M A N U S C R I P T
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and fluctuations likely reflect environmental influences. Our approach of using a more stable phenotype, that draws from repeat measures data, is preferable and more robust for genetic association studies.
We also conducted confirmatory factor analysis to ensure measurement equivalence in the two samples. We used relatively large sample sizes with over 10,000 individuals in the Discovery sample and over 5,000 individuals in the Replication sample. The genotyping platform was nearly identical between the two samples using 2.5 million single nucleotide polymorphisms (SNPs). Using population representative cohorts of older adults, we anticipated that the depressive symptomatology-associated genes will be relevant to emotional health in later life.
Materials and methods
Sample
We used the discovery and replication sample approach. The Discovery sample was drawn from the Health and Retirement Study (HRS), a nationally representative sample of households of older Americans in the United States (http://hrsonline.isr.umich.edu/). We included all participants who were interviewed in wave 2 (1994) through 10 (2010) and were at least 50 years old at any wave of data collection. All participants were provided with written consent forms, and ethical approval was granted by the University of Michigan Institutional Review Board.
The Replication sample was the English Longitudinal Study of Ageing in the United Kingdom (ELSA, http://www.elsa-project.ac.uk/), a nationally representative cohort of individuals living in England aged 50 and older (Steptoe et al., 2013) . In this study, we included individuals who were interviewed in wave 1 (2002) through 5 (2010) and were 50 years old or older at first observation. All participants provided signed consent and ethical approval was granted by the London Multi-Centre Research Ethics Committee.
The investigation was carried out in accordance with the latest version of the Declaration of Helsinki. Both samples contain only individuals with at least 3 observations for any phenotypic measure, even if the observed waves were not consecutive.
Genetic data
The genetic data was obtained by using Illumina's Human Omni2.5-Quad BeadChip methodology (Illumina, San Diego, CA, USA). Genotyping was performed by the NIH Center for Inherited Disease Research (Johns Hopkins University, Baltimore, MD, USA) using HumanOmni2.5-4v1 platform for the Discovery sample. The University College London Genomics (London, UK) performed the genotyping on HumanOmni2.5-8v1 for the Replication sample. Quality control on the genetic data was performed by the data holder.
In brief from the 2,443,179 SNPs in the Discovery sample, 241,808 were excluded based on Hardy-Weinberg equilibrium p-value in European samples <0.0001 or missingness >=2% or minor allele frequency =0% or other QC discrepancies (http://hrsonline.isr.umich.edu/sitedocs/genetics/HRS_QC_REPORT_MAR2012.pdf). During the analysis, SNPs with minor allele frequency below 5% were also excluded.
For the Replication sample similar quality filters were applied by the University College London, Genetics Institute, apart from SNP missingness, which was >5%. As a result of quality M A N U S C R I P T
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control, the number of SNPs analysed were 1,223,220 and 1,490,612 for the Discovery and Replication samples, respectively.
In the Discovery sample, participants were excluded based on relatedness (n=88) and chromosome anomalies (n=79), yielding 12,341 individuals with genotype data. In the Replication sample 41 individuals were excluded for non-white ethnicity and sex discrepancies.
To minimize population stratification and maximise genetic similarity between the samples, we only analysed self-reported white individuals. As a result, the number of individuals in the analysis was 10,123, (including 773 Hispanic whites) in the Discovery sample and 5,251 in the Replication sample.
Phenotypic measures: 8-item, 6-item measures and separate mood and somatic measures
Eight-item measure. We used a shortened, eight-item version scale of the CESD. The 8 items were selected for their psychometric properties in assessing the continuum of depressive symptoms compared to the full scale (Kohout et al., 1993) , and demonstrate very similar construct and external validity to the original inventory (HRS Health Working Group, 2000; Turvey et al., 1999) . These 8 questions ask whether the following was true for the respondent much of the time during the past week, that (s)he:
felt depressed, felt like everything (s)he did was an effort, his/her sleep was restless, was happy, felt lonely, enjoyed life, felt sad, could not get going. We counted the number of symptoms for each wave (0-8). The maximum number of available waves was 9 for the Discovery and 5 for the Replication sample. Our main phenotypic variable is the mean of the individual scores of each wave, a continuous variable on a scale of 0-8.
Six-item measure. We investigated the measurement invariance across the two samples using multigroup confirmatory factor analysis (Chung & Rensvold, 1999 , 2002 . This enabled us to ensure that the factors are measuring the same underlying latent construct within each sample. This analysis suggested that the 'respondent's sleep was restless' and 'respondent did not enjoy life' items differed significantly between the Discovery and Replication samples; therefore we also developed a mean CESD score that excluded these two items.
Separate mean mood and mean somatic measures. Based on earlier confirmatory factor analysis results (Vanhoutte, 2014) , we divided the CESD scores into mood items (respondent felt depressed, felt lonely, felt sad, was unhappy and not enjoyed life) and somatic items (respondent felt everything was an effort, his/her sleep was restless and could not get going) and calculated the mean scores separately, thus developing two additional phenotypic measures. We performed association analysis against four phenotypic measures using linear regression and with sex included as a covariate to correct for observed gender differences in depression (Karim et al. 2015) . For the meta-analysis we chose 64399 SNPs with p<=0.05 in the Discovery sample and the mean of the total CESD score. These analyses were performed using Plink software (Chang et al., 2015 , Purcell et al., 2007 .
To avoid spurious association results arising from unadjusted population substructure we used the first six Eigenvectors as covariates in the analyses. A scree plot generated during the quality control of the genetic data (http://hrsonline.isr.umich.edu/sitedocs/genetics/HRS_QC_REPORT_MAR2012.pdf) shows that the fraction of variance accounted for is less than 4%, and approximately levels after the first two vectors, indicating that the use of the first six components is sufficient. The Replication sample contained only white individuals and literature indicates only modest population stratification in the British population (The Wellcome Trust Case Control Consortium, 2007); therefore only sex was used as covariate in the initial analyses. However, we repeated all analyses in the Replication sample with the first 4 Eigenvectors also included as covariates.
Genomic inflation factor was calculated by R (http://cran.us.r-project.org/). LD score regression intercepts were calculated with LDSC software tool (https://github.com/bulik/ldsc, Bulik- Sullivan et al., 2015) .
Genetic results annotation was performed by the Ensembl Variant Effect Predictor, Assembly: GRCh38.p5 (McLaren et al., 2010) .
Search for past associations available for SNPs in GWAS studies, GRASP database query was performed (Leslie et al., 2014) .
Confirmatory factor analysis was performed using Mplus version 7.2 (https://www.statmodel.com/). Gene-based association analysis was performed by using VEGAS web platform (https://vegas2.qimrberghofer.edu.au/). We used the defaults settings, chose CEU for the Discovery sample and GBR for the Replication sample as subpopulations and defined gene boundaries as +/-10000 kb outside of the gene.
The replication criteria for nominal replication in the Replication sample was p<0.05 and the same direction of beta value as in the Discovery cohort. Table 1 Demographic and phenotypic results. The significant differences between means are marked with asterisks. Table 1 shows that in both samples, there were more female participants than males. Individuals at first CESD observation were significantly younger in the Discovery sample, compared to the Replication sample. The mean CESD scores and the mean scores of the 3 somatic items were significantly different between the Discovery and the Replication samples (p<0.001).
Results
Demographic and phenotypic results
Discovery sample Replication sample
Confirmatory factor analysis results
To investigate measurement invariance by using confirmatory factor analysis, we divided one cross sectional wave (wave 6 of the Discovery sample and wave 1 of the Replication sample, combined n=23,975) of our sample into four groups by gender and country. Results indicated that two items, 'enjoying life' and 'restless sleep', introduce country and gender bias. When allowing the factor loading of enjoying life, and the intercept for restless sleep to vary across gender and country, partial measurement equivalence is established (RMSEA=0.047, CFI =0.97) Rensvold, 1999, 2002) . (CFI=comparative fit index, RMSEA=root mean squared error of approximation).
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Genetic association results
The top 5 hits for each of the four phenotypic measures are shown in Table 2 . 
Discovery sample
We observed only one genome-wide significant association, between rs58682566 and the total mean CESD score, without confirmation in the Replication sample.
Considering the suggestive level (p<1E-05), we had 48 SNPs significantly associated with the mean total CESD score, 34 with the reduced CESD score, 25 with the mood items and 29 with the somatic items in the Discovery sample by 74 unique SNPs (results can be seen in Appendix). Among these results, we found 4 nominal replications; they are presented in Table 3 . However, three of them (rs11774887, rs4147527 and rs1379328) span a ~5,500 bp region of chromosome 8, and thus likely represent the same signal (r2>0.98 for each SNP pair). The fourth SNP (rs13250896) is also located on chromosome 8 but resides 60 million bp away, therefore is possibly an independent signal. 
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On the suggestive level, we found good overlap of associated SNPs between the total and the reduced CESD scores (29 SNPs) and between the total score and either the mood or somatic items (26 SNPs). However, we only found 7 SNPs in common between the mood and somatic items analyses. We also observed 7 SNPs (rs12232683, rs12604492, rs58682566, rs73236646, rs1047115, rs11082501, rs13250896) that were significant in every analysis in the Discovery sample (p<1E-05), but only one of them replicated on a nominal level in the Replication sample (rs13250896). All suggestive level results can be seen in Appendix.
Meta-analysis results
In the meta-analysis, assuming a fixed effect, none of the SNPs reached genome-wide significance. The most significant association was between rs13250896 and the total mean CESD score (p=6.14E-08, beta=-0.137). The same SNP yielded the most significant result in two other analyses, namely in the reduced CESD score and somatic items analyses. This was the only SNP which reached a suggestive level significance in all four analyses (Results are presented in Table 4 ). Altogether we found 54 SNPs which reached at suggestive genome-wide significance in any of the four analyses. These results are presented in the Appendix.
Gene based analysis
In the gene-based analysis the most significantly associated genes with the total mean CESD score were EPG5 (p=6.0E-06, represented by 42 SNPs) and TLR1 (p=9.0E-06, represented by 8 SNPs). These p-values do not reach genome-wide significance of 2.5E-06 (=0.5/20000), and were not significant in the Replication sample.
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MeanCESD
MeanCESD 6 Table 4 Fixed effects meta-analysis results for rs13250896.
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The genomic inflation factor values for the Discovery sample vary between 1.017 -1.022 and between 0.996 -1.008 for the Replication sample. These results did not indicate serious population stratification in the samples and the literature suggests that polygenicity (many small genetic effects) accounts for the majority of inflation in test statistics in GWAS studies (Bulik- Sullivan et al., 2015) . LD score regression intercepts range between 1.006-1.016 (SE 0.0064-0.0069) in the Discovery sample and 1.002-1.010 (SE 0.0059-0.0068) in the Replication sample, also indicating adequate control for population stratification.
Manhattan and QQ plots for each analysis are provided in the Appendix.
Discussion
In this study we conducted a genome-wide association study on depressive symptomatology, in two representative cohorts. The aim was to attempt replication with highly comparable genotype platforms and identical phenotypes in the two independent samples. To take advantage of the repeated measures and longitudinal design of the study cohorts, we used the mean CESD score across waves for individuals who had at least three observations on the full eight-item scale. With this approach, our phenotype did not represent only a single point in time, which would be a disadvantage because CESD scores fluctuate over time; rather the phenotype represents more of a stable trait, which is preferable for discovering underlying genetic associations. We also developed three further phenotypic measures: (a) a six-item phenotype to ensure measurement invariance between the samples and (b) separate mood and (c) somatic scores in order to differentiate between emotional and somatic domains of depressive symptomatology. We corrected for population substructure by using only white participants and the first six Eigenvectors.
In these analyses, there was one genome-wide significant association, but it did not replicate. Considering analysis of all four phenotypes, altogether, we had 74 unique SNPs yielding 136 associations below the genome-wide suggestive level (p<1E-05). Of these associations, four were nominally replicated in the Replication sample but they correspond to only 2 independent signals. The meta-analyses enhanced the significance of one of the nominally replicated SNP, rs13250896 but it still not reached the genome-wide significance level. We found no replication after performing gene-based association, either. We also concluded from our results that the lack of replication is unlikely to be attributed to phenotypic measurement differences between the two samples. Despite our expectation, we could not provide evidence of a single genetic variant's association with the depressive symptomatology.
The SNP yielding genome-wide significant association in the Discovery sample rs58682566 is an intronic variant within the EPG5 (Ectopic P-Granules Autophagy Protein 5 Homolog (C. elegans) gene on chromosome 18. This gene is the human homologue of the metazoan-specific autophagy gene Epg5 which encodes the key autophagy protein Epg5. Despite the indications of the importance of this gene in neurological processes (Cullup et al., 2013) , neither the gene nor rs58682566 has been associated with emotional health phenotypes in the literature previously.
All four SNPs that considered as nominally replicated are located on chromosome 8. Three of these (rs11774887, rs4147527, rs1379328) are close to the SAMD12 (Sterile Alpha Motif Domain Containing 12) gene. The fourth SNP, rs13250896 occupies an intergenic region of the genome.
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The role of SAMD12 is not well characterized in the literature. A study found that transcription of the SAMD12 gene was down-regulated in response to Tat protein in human T cells (Johnson et al., 2013) . Tat is a viral protein crucial for HIV replication and present at reasonably high levels in the brain and cerebrospinal fluid. Tat was also found to upregulate proinflammatory cytokines (such as IL1B and IL8) and dysregulate IL-17 signaling (Johnson et al., 2013) . This suggests that a SAMD12 gene product may take part in immunological processes, and this is notable with the growing interest in immune mediated theories for depression (Furtado & Katzman, 2015; van Dooren et al., 2016) . It worth mentioning, that another gene, EXT1 (Exostosin Glycosyltransferase 1) can be found in the region of the three SNPs. This gene's product is involved in the chain elongation step of heparan sulphate biosynthesis. Interestingly, heparan sulphate proteoglycans are associated with the pathology of common neurodegenerative disorders, such as Alzheimer's disease and Parkinson's disease (Nadanaka & Kitagawa, 2008) .
Also, there are some indications for past associations in GWAS studies for 3 of our 4 nominally replicated SNPs in the literature with the associated phenotypes covering a wide range. Rs4147527 and rs1379328 have shown associations with autism (Anney et al., 2010) , late onset Alzheimer disease (Hu et al., 2011) , and age-related macular degeneration (Fritsche et al., 2013) . Rs13250896 has shown associations with cardiovascular risk-related phenotypes, such as carotid artery thickness (Melton et al., 2013) , LDL and total cholesterol levels (Teslovich et al., 2010) , and diastolic blood pressure (Ehret et al., 2011) in GWAS studies. However, none of these associations were below the p=1.0E-4 levels (GRASP database of GWAS studies, Leslie et al., 2014) .
We compared our results against the publicly available results of a GWAS study on MDD by the Psychiatric Genetic Consortium (PGC) (Ripke et al., 2013) . Our top hit, rs58682566 was not present among the genotyped PGC SNPs, but two SNPs were imputed from this area of the genome (rs9964220 and rs8090930, spanning 9500 bps, with rs58682566 located between them) and their significance was 0.368 and 0.88. Of our four nominally replicated SNPs, rs4147527, rs1379328 and rs13250896 were among the genotyped PGC results, with p values of 0.412, 0.4311 and 0.2714, respectively. Therefore comparison of our results against PGC's MDD results did not provide supporting evidence for SNPs identified in this study.
For the results presented in the present study, the GWAS literature provided some evidence for the associations in GWAS studies of the identified SNPs, but failed to confirm their role in influencing emotional health; this does not provide confidence for drawing conclusions on the relationships between these SNPs and depressive symptomatology from our weak replications. The lack of success in replication can result from many factors. It is generally accepted that the effects of common genetic variants for a complex phenotype such as depressive symptomatology is very small (Ripke et al., 2013) and many studies suffer from insufficient power to detect these small effect sizes. In a recent study using depressive symptoms as phenotypic measure in a meta-analysis of 180,866 individuals, only 2 SNPs exceeded the genome-wide significance level and replicated successfully in a companion cohort (Okbay et al., 2016) . This gives an indication of the magnitude of sample size required for successful detections of true findings. This study using heterogeneous phenotypic measures found an effect size of 0.002%. This value is 250 times smaller than the 0.5% that our study supports. Even if we consider that the phenotypic measure we used is homogenous and measured at several time points (70% of the participants have at least 7 observations in the Discovery sample), our study is likely to be underpowered.
On the other hand, there is example in the literature for successful identification and replication of MDD-associated SNPs with much smaller sample size with carefully selected subjects for whom known sources of phenotypic and genetic heterogeneity were minimized (CONVERGE Consortium, 2015) .
Recently, the proportion of phenotypic variance explained by common SNPs (Yang et al., 2011) of the CESD score was found to be 0.35 in a univariate model (Boardman et al., 2015) . However, after controlling for the first five Principal Components, the heritability estimate dropped to 0.19. This relatively moderate heritability explained by common SNPs indicates that other genetic (Glessner et al., 2010) or non-genetic factors may play a significant role in depression.
The non-genetic environmental factors may co-act in an additive way or interact with the genetic factors. For example, Caspi and colleagues (2003) showed that functional polymorphism (5-HTTLPR) in the promoter region of the serotonin transporter gene (SLC6A4) was only associated with depression in an interaction with life events, not on its own. This demonstrates that the risk allele only confers susceptibility to depression if the carrier has been exposed to stressful life events, and provides evidence for a gene-environment interaction. The Caspi finding has been replicated in some studies since then, although not consistently (Cohen-Woods et al., 2013) . We did not take into consideration current or past stressful life events in our analyses, despite the likely influences of a gene-environment interaction within individuals and across the sample.
Moreover, there could be larger-scale environmental effects present, as the sample mean CESD was higher in some waves than in others. In the Discovery sample in wave 3, the sample mean of the mean of CESD measure was 1.021 (lowest), whereas in wave 8 it was 1.35 (highest). This range in the Replication sample was 1.29 (lowest, wave 4) -1.42 (highest, wave 2 and wave 5). We have no explanation for the origin of this difference between waves but it could have contributed to the failure of replication.
In addition, the CESD score is a subjective measure, with the possibility of individual variation in interpretation of and response to particular items, making it more difficult to achieve successful replication. However, here we have used a version of the measure that has measurement equivalence in the discovery and replication samples (Vanhoutte, 2014) and the measure has been shown to have good validity and reliability (HRS Health Working Group, 2000) .
Further concern could be the robustness of our phenotypic measure. We calculated the association between the individual wave-specific CESD scores and the overall mean CESD scores in the Discovery sample. The results showed high correlation (range: 0.70-0.79), indicating the robustness of the mean CESD score.
Despite the lack of convicting replications, our study has a number of strengths. It uses two nationally representative samples with large sample sizes in both the Discovery (n=10,123) and the Replication sample (n=5,251). We used a continuous scale phenotypic measure, which increases the phenotypic variance compared to binary phenotypic measures. Also, phenotypes were constructed by including repeated assessments of depressive symptomatology over at least three waves in order to provide some degree of stability to the measure. This is relevant because symptomatology can fluctuate widely over time, partially due to environmental exposures. Additionally, by using the same questions in both samples, we attempted to ensure phenotypic homogeneity between the two samples. A further notable strength of our study design is the use of the highly comparable genotype platform for the Discovery and Replication samples.
Among the weaknesses of the study include the use of the community samples, as the number of individuals with higher depressive symptoms scores may be lower than in a specifically M A N U S C R I P T
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recruited sample of depressed individuals. In relation to this, although we have 40% of individuals in the Discovery sample and 70% in the Replication sample with maximum number of observations, the missing data may be due to a depressive episode, therefore the CESD measure is somewhat biased. Moreover, the CESD questions ask about the past week, which may not be typical of the individual's life in general; however, by using at least three separate observations for each individual, we are more likely to capture a trait that is characteristic to that individual, rather than a labile state.
We also acknowledge that one of the observed four nominal replications was in relation to the mean of the three somatic items measure. The already weak replication is further questioned by the fact, that one of the items in this measure was among the two with different measurement properties in the two samples as indicated by the multigroup confirmatory factor analysis.
A further weakness of the study is that depressive symptomatology is heavily influenced by the environment, such as by stressful life events (Lotrich, 2011) , and can be affected by cultural and health-care access differences between the two countries; variables we did not measure and correct for.
Although studies have demonstrated the importance of epigenetic regulation in depressionrelated behavior or its treatment (Sun et al., 2013) , epigenetic mechanisms cannot be interrogated within a framework of a conventional GWAS study.
The different number of available waves in the two samples may cause differences in the accuracy of the phenotypic measures. Moreover, these waves span different calendar years in the two samples and this may pose cohort effects. Lastly, the multigroup confirmatory factor analysis results indicated differences in the mean CESD measures between the eight or six item scales. However, that difference was not supported by the genetic association results; in fact one of the nominal replications was observed in association with the somatic measure which contains the 'restless sleep' item.
In summary, here we report the results of a genome-wide association scan study of depressive symptomatology with two large population representative samples, paying particular attention to independent replication. Similar to previous studies investigating MDD and depression as a trait, we cannot report robust and replicable findings. We had one association that exceeded the genome-wide significance threshold, although it did not replicate. This suggests future studies of genetic determinants of depressive symptomatology may require alternate study designs, such as incorporating larger sample sizes, gene x environment interactions, or epigenetic approaches. 
